This study evaluated the pause-dependency of the J-wave to characterize this phenomenon in idiopathic ventricular fibrillation (VF).
Early repolarization (ER) is defined as a slur or notch on the terminal part of the QRS complex with or without elevation of the ST-segment and is frequently observed in apparently healthy subjects (1) (2) (3) . The prognosis of subjects with ER has been considered to be benign (4, 5) . However, J waves have been observed in association with idiopathic ventricular fibrillation (VF) (6, 7) , and recent studies have confirmed that ER is associated with idiopathic VF (8 -10) .
In population-based studies, Tikkanen et al. (11) and Haruta et al. (12) demonstrated that ER is a statistically significant risk for arrhythmic death, and a J-wave of a large amplitude (11) or a J-wave with a flat (horizontal or descending) ST-segment was shown to be a risk factor for sudden cardiac death (13) . This risk was proven in cases of idiopathic VF (14) . However, electrocardiogram (ECG) features that are able to distinguish "malignant" from "benign" J waves are still necessary for risk stratification.
Since our first reports of the association of the J-wave with idiopathic VF (6, 7, 15) , we have studied pausedependent augmentation of the J-wave and have been collecting case data regarding idiopathic VF. In this study, we analyzed the pause-induced dynamicity of the J-wave in patients with J-wave-associated idiopathic VF and compared this with control subjects to propose another characteristic of J waves in idiopathic VF.
Methods
Since 1992, we have collected data on 40 patients with J-wave-associated VF from 9 institutions, mainly from the Niigata University Hospital (Niigata, Japan). All of the patients met the following inclusion criteria for idiopathic VF: 1) documented episode of VF at the time of cardiac arrest; 2) absence of structural heart disease with normal cardiac function; 3) negative serological test result for inflammatory diseases; and 4) absence of coronary artery disease and a negative provocative test result for coronary spasms.
Patients with bundle branch block, intraventricular conduction delay, long or short QT interval (16, 17) , Brugada syndrome (18), or Wolff-Parkinson-White syndrome (19) were excluded. Pilsicainide was given to exclude Brugada syndrome, and coronary spasms in patients were excluded by a provocation test using acetylcholine or ergonovine maleate. ECG analysis. J waves were defined as: 1) notches or slurs at the terminal portion of the QRS complexes; and 2) amplitude Ն0.1 mV above the isoelectric line in at least 2 contiguous leads. The location was classified as inferior (II, III, or aVF), left precordial (V 4 to V 6 ), right precordial (V 1 to V 3 ), or high lateral (I or aVL) sites. The amplitudes of J waves were measured after 5-fold magnification in the leads to reveal maximal amplitude, by 2 cardiologists who were blinded to the clinical findings (19) .
To investigate the instantaneous dynamicity of J waves, the amplitude of the J-wave was measured in the beat immediately after a pause and compared with the mean J-wave amplitude measured in the 2 to 3 beats preceding the pause (Fig. 1) . A pause represented sudden prolongation of the R-R interval that was induced by benign arrhythmias such as sinus arrest, sinoatrial block, atrioventricular block, or atrial or ventricular premature beats. If possible, the J-wave amplitude was measured in the beat after the pause to identify temporary changes. Concomitant changes in the ST-and T-wave morphology with J-wave augmentation were analyzed.
J waves were observed after admission until discharge, and if VF developed in storms, isoproterenol was given.
As the control, the dynamicity of J waves was analyzed in 76 subjects who had J waves in the 12-lead ECG. They visited our hospitals for cardiac or noncardiac diseases but had no syncope or symptoms suggestive of serious arrhythmias such as ventricular tachycardia or VF. None had a family history of sudden cardiac death. Heart failure (New York Heart Association functional class ϾII) or organic heart diseases were excluded by ECG and echocardiography as well as clinical history. Other exclusion criteria were the same as in the experimental group. The dynamicity of J waves was analyzed on the standard ECGs or 12-lead Holter ECGs. Data analysis. Patients were divided into 2 groups according to the presence of pauses. In the patients with pauses, the dynamicity of J waves and concomitant changes in the ST-segment were evaluated. The amplitudes of J waves were compared among the pre-, post-, and the beat next to the post-pause (Fig. 1) . Temporary changes of the J waves were observed to the time of discharge. When VF recurred, the effects of isoproterenol were evaluated. Finally, the sensitivity, specificity, and predictive values of the pausedependent J-wave augmentation were calculated. Aizawa et al. May 29, 2012 May 29, :1948 Pause-Dependency of the J-Wave in Idiopathic VF Inc., Chicago, Illinois). A 2-sided p Ͻ 0.05 was considered statistically significant. The study was approved by the ethics committee of Niigata University School of Medicine.
Results

J-wave in idiopathic VF.
Forty patients displayed J waves: slurs or notches Ն0.1 mV in Ն2 contiguous leads. The mean age of the patients was 38 Ϯ 14 years, and 37 (92.5%) were males. The QT and QTc intervals were all within normal ranges: 384 Ϯ 25 ms and 401 Ϯ 40 ms 1/2 . The mean J-wave amplitude was 0.360 Ϯ 0.181 mV. The J waves were located in the inferior region in 28 (70.0%), left precordial region in 19 (47.5%), right precordial region in 4 (10.0%), and high lateral region in 9 (22.5%) patients. Twenty (50.0%) patients exhibited J waves at Ͼ1 site (Table 1) . Brugada syndrome was excluded by ECGs in all patients and by drug testing in 32 patients.
Pause-dependent changes in J waves could be analyzed in 27 (67.5%) of the 40 patients who experienced sudden prolongation of the R-R interval due to arrhythmias, and J-wave accentuation was observed in 9 (22.5%) patients before VF episodes. Isoproterenol was effective in controlling VF (Fig. 2) . In 5 patients (12.5%), J waves disappeared within weeks. Of these, 3 patients had exhibited no J waves in the ECGs recorded 3 to 6 months previously. VF occurred between 8:00 PM and 6:00 AM in 26 (65.0%) patients, between 6:00 AM and 8:00 PM in 12 (30.0%) patients, and at both time intervals in 2 patients (5.0%). In the other patients (5.0%), VF developed during exercise in the daytime. Pause-dependency of the J-wave. Among these 27 patients with pauses by benign arrhythmias, 15 (55.6%) demonstrated significant augmentation of the J waves, as shown in Table 2 The amplitude of the J waves in the beat next to the post-pause beat was measureable in 6 of 15 patients and was smaller than those of the baseline J waves as well as the augmented J waves: 0.325 Ϯ 0.092 mV (p ϭ 0.0406 and p ϭ 0.0065, respectively). When J waves were augmented, the ST-segment was depressed from 0.10 Ϯ 0.39 mV at baseline to -0.24 Ϯ 0.53 mV after pauses (p ϭ 0.0015). VF (Fig. 2) . In the remaining 12 (44.4%) of 27 patients, the J-wave remained unchanged (Ͻ0.05 mV), as shown in Table 2 (p Ͻ 0.0001). In 4 (33.3%) patients, VF developed and was controlled by isoproterenol.
The patients with pause-dependent augmentation of the J-wave amplitude were similar in age, sex, and J-wave locations to those without ( Table 2 ). The baseline R-R intervals and their changes were similar between the 2 groups, but the pre-and post-J-wave amplitudes were larger in the patients with pause-dependent augmentation of the J-wave compared with those without (p Ͻ 0.0001). Control group. In the 76 control subjects, sex and age were comparable to the 40 patients (Table 1 ). The locations of J waves were as follows: 65 (85.5%) in the inferior region, 25 (33.9%) in the left precordial region, 10 (13.2%) in the right precordial region, 12 (15.8%) in the high lateral region, and 36 (47.4%) at Ͼ1 site. The distribution pattern did not differ between the 2 groups.
The baseline R-R interval and the J-wave amplitude were different from the patient group (Table 1) . When the R-R interval was prolonged from 941 Ϯ 138 ms to 1,352 Ϯ 342 ms by arrhythmias (n ϭ 17), there was no augmentation of the J-wave amplitude (Figs. 3 and 4) . Sensitivity, specificity, and predictive values. Pausedependent augmentation of the J waves was observed in 15 of 27 VF patients with a sensitivity of 55.6%, or 37.5% of the original 40 patients with J waves. Pause-dependent augmentation of J waves was observed only in patients with idiopathic VF. Both the specificity and the positive predictive values were 100%: the negative predictive value was 86.4% of the 27 patients, or 75.2% of the original 40 
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Pause-Dependency of the J-Wave in Idiopathic VF patients. The presence of pause-dependent augmentation of J waves was highly diagnostic for idiopathic VF.
Discussion
Fifty-four patients with idiopathic VF were admitted to Niigata University Hospital, and J waves were observed in 24 (44.4 %); another 16 similar patients were recruited from 8 other institutions.
Of the 40 patients, we were able to assess the instantaneous dynamicity of J waves after pauses in 27 patients (67.5%), and pause-dependent augmentation of the J waves was observed in 15 (55.6%) of 27 patients but not in any of the control patients. Augmentation of J waves was associated with depression of the ST-segment or inversion of the T-wave, and the beats just after the post-pause beat revealed attenuated J waves. The pause-dependent augmentation of J waves was highly specific and had highly predictive value. Effects of isoproterenol were reconfirmed.
The age and sex of the patients with idiopathic VF were similar to those reported previously (8 -10) . Prevalence of the J-wave was also similar to that reported by earlier researchers varying from 31% to 65%. This prevalence was higher than that of the Japanese (11% to 27%) (19) compared with the non-Japanese control subjects (5.0% to 34%) (5,8 -12) . Because of the frequent presence of J waves in the general population, it is urgent to establish a standard to distinguish "benign J waves" from "malignant" ones. So far, several characteristics of J waves involving idiopathic VF have been reported.
Extensive location or a large amplitude of J waves was statistically shown to be a risk factor for arrhythmic death (11); however, overlapping was remarkable between the patients with idiopathic VF and the control.
In addition, marked fluctuation of the J-wave might be observed in idiopathic VF especially before VF episodes (8,10,20 -22) , and the J-wave might develop new or disappear over time. This seems to be in contrast to ER or J waves in healthy individuals: Ն80% subjects exhibited the same type of J-wave after an interim of 5 years (11, 23, 24) . Whether attenuation of the J-wave amplitude by isoproterenol or quinidine is specific to J waves with idiopathic VF needs be established (8, 10, (25) (26) (27) .
Another striking feature of the J-wave in patients with idiopathic VF is an accentuation of J waves after a sudden prolongation of the R-R interval: that is, the pause dependency. This phenomenon was described in our first report in 1992 (7). Since then, data from similar cases have been collected. Among the 27 patients who were able to be analyzed with respect to pause-dependency, the pausedependent augmentation of J waves was confirmed in 37.5% (15 of 40) patients with J waves, but such pause-dependent augmentation of J waves was not observed in any of the non-VF subjects. Notably, we would be able to provoke pauses by programmed stimulation during electrophysiological study and analyze the pause-dependency (15,28).
To date, only a few such cases have been reported (22, 25) . Although rare, a striking pause-dependent augmentation of J waves in the inferolateral leads has been observed in a patient with Brugada syndrome (29) . During the follow-up of 2 years, he developed electrical storms from VF.
The presence of early repolarization with a horizontal/ descending ST-segment was found to be able to predict arrhythmic death in a large population study (13) . The presence of J waves was associated with a history of idiopathic VF with an odds ratio of 4.0, but the combination of J waves and a horizontal/descending ST-segment yielded an odds ratio of 13.8 for patients with idiopathic VF (14) . In the present study, the ST-segment or T waves became more negative when J waves were accentuated after a pause (Fig. 2) . Regarding the discordant relationship between the J-wave amplitude and ST-segment, delayed epicardial repolarization causing the epicardium to repolarize after endocardium seems to be responsible (30, 31) .
Experimentally, J waves are well explained by the transmural voltage gradient of the myocardial cells in phase 1 of the action potential of myocardial cells, which is created by transient outward currents (Ito) (32, 33) . Accentuated Ito is shown to result in accentuation of J waves on the surface ECG and Ito is known to be augmented at a slower rate. The bradycardia-dependent augmentation of the J-wave amplitude in idiopathic VF could be well explained by Ito (32, 33) . Delayed activation due to phase 4 block (block at a slow rate) may mimic J waves appearing at a slower rate and can be differentiated from the J-wave (34, 35) . Phase 4 block can be affected by the recovery characteristics of Ito, which permit a greater action potential overshoot and amplitude, and therefore a greater source current early in diastole (36) .
At this point, we may be able to characterize the J-wave associated with idiopathic VF as follows: 1) large amplitude (often Ͼ0.2 mV) (11); 2) recent appearance (7, 8) ; 3) remarkable fluctuation without any apparent cause (8,10); 4) extensive distribution (8); 5) response to isoproterenol or quinidine (8,10,24 -27 ); 6) a concomitant horizontal/ descending ST-segment (13, 14) ; and 7) pause-dependent augmentation (7) . Study limitations. This was a small case series, and our conclusions must be confirmed in a larger number of patients. However, this study represents 20 years of experience. A worldwide survey is needed for further elucidation.
The response of the J-wave was analyzed in one-half of the patients because some did not have their situation complicated by benign arrhythmias. However, the pausedependency of J waves might be evaluated in a systematic manner during electrophysiological study after giving electrical stimuli to either the atrium or the ventricle, inducing pauses (29) . The causes of the waxing and waning nature of the J-wave were not determined. The possible role of a latent pathological process such as myocarditis as the cause of the J-wave appearing for weeks or longer should be excluded.
